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Genetic diversityAbstract Jammu and Kashmir region of India has a rich walnut germplasm that has arisen from
populations of naturally grown seedlings and some introductions from other countries over many
years. In this study, the genetic relatedness of 96 walnut genotypes adapted to the North Western
Himalayan region of Jammu andKashmir, India, was analyzed by 19 SSRmarkers. Genetic relation-
ships among 96 walnut genotypes revealed very high polymorphism rate of 89.6%. Primer parameter
values viz PIC, MI and Rp range from 0 to 0.43, 0 to 0.87 and 1.04 to 2.37 with an average of 0.168,
0.244 and 1.91 respectively. UPMGA dendrogram showed that all the accessions formed twelve main
clusters with various degree of sub-clustering within the clusters. Model-based cluster analysis
grouped 96 walnut genotypes into 5 genetically distinct sub-populations with varied level of admix-
ture. Allele Frequency Divergence and expected heterozygosity vary from 0.00 to 0.057 and 0.043 to
0.067 with an average of 0.024 and 0.057 respectively between all the five populations. These studies
will be helpful in association mapping studies for important traits in walnut. The high variability
existing in the walnut germplasm suggested that it would be beneficial to utilize this germplasm pool
in walnut breeding programs and germplasmmanagement activities and also identified microsatellite
markers for cultivar identification, characterization, registration and assessment in genebanks.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).PGMA,
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2 U. Noor Shah et al.1. Introduction
The walnut (Juglans regia L.) is characterized by a wide adop-
tion, differentiation and long history of cultivation throughout
the temperate regions of the world including Jammu and
Kashmir region of India (McGranahan and Leslie, 1990).
Because of its breeding characteristics, walnut has formed
abundant genetic diversities through a long-term evolution
under complicated environment (Wu et al., 2000b; Yang,
2005). The vast differentiation and diversity in walnut germ-
plasm available throughout the world has not yet been fully
deciphered. Phylogenetic relationships and genetic diversity
among the known varieties need to be ascertained through lat-
est tools so that the huge potential of walnut diversity can be
exploited. Earlier, besides morphological identification, vari-
ous biochemical and molecular markers have been used for
genetic characterization of walnut genotypes. These included
isozymes (Ninot and Aleta`, 2003; Vyas et al., 2003), Restric-
tion Fragment Length Polymorphisms (RFLPs) (Fjellstrom
and Parfitt, 1995), Randomly Amplified Polymorphic DNAs
(RAPDs) (Nicese et al., 1998; Li et al., 2007), Inter Simple
Sequence Repeats (ISSRs) (Potter et al., 2002), Simple
Sequence Repeats (SSRs) (Woeste et al., 2002; Dangl et al.,
2005; Foroni et al., 2005; Victory et al., 2006; Robichaud
et al., 2006; Karimi et al., 2010), Amplified Fragment Length
Polymorphisms (Kafkas et al., 2005) and SNPs (Ciarmiello
et al., 2011). In comparison with other marker types, these
DNA-based markers techniques can detect the genetic diver-
sity of species in all tissues at all stages of development without
affected by environmental condition (Di et al., 2006). More-
over, the genetic diversity within or among species can also
been analyzed following these molecular marker techniques
(Cervera et al., 2000; Qi et al., 2011).
SSR markers (Litt and Luly, 1989) are currently becoming
the preferred technique for the molecular characterization of
different plant species (Gupta and Varshney, 2000). SSR
markers in combination with RAPD markers have become
an important tool to understand the molecular diversity and
the genetic relationships within crops (Mir et al., 2008). They
allow a high level of resolution in genetic studies due to their
high polymorphism, co-dominant inheritance, reproducibility,
and easy detection by PCR (Gupta et al., 1996). They have
evolved to the status of a most versatile and popular genetic
marker in a ubiquity of plant systems. Due to their co-
dominant, hyper-variable and multiallelic nature, they are
the prominent markers of choice for fingerprinting, conserva-
tion genetics, plant breeding and phylogenetic studies. There-
fore they are powerful and informative to study genetic
relationships and genetic identity (Foroni et al., 2006). There
is the literature related to the use of microsatellites in the study
of genetic relationships in walnut (Woeste et al., 2002; Foroni
et al., 2005, 2006; Robichaud et al., 2006; Victory et al., 2006;
Wang et al., 2008; Pollegioni et al., 2009; Bai et al., 2010; Gunn
et al., 2010). Recently Ciarmiello et al. (2011) have published
the molecular characterization of Juglans cultivars via amplifi-
cation refractory mutations system, a standard technique that
allows the discrimination of alleles at a specific locus differing
by as little as 1 bp (Stirling, 2003). In addition, SSR markers
informative in J. regia may also be polymorphic in other
Juglans L. species (Aldrich et al., 2003) and have utility for
breeding hybrid rootstocks.Please cite this article in press as: Noor Shah, U. et al., Assessment of germplasm
through microsatellite markers. Journal of the Saudi Society of Agricultural ScienceIn the present study, our purpose was to use the power and
informativeness of microsatellites markers to study the genetic
relationships and genotype identity of 96 cultivars of J. regia
from temperate Jammu and Kashmir region of India.
2. Material and methods
2.1. Plant materials
Ninety-six walnut genotypes were selected from experimental
field genebank of Central Institute of Temperate Horticulture,
Rangreth, Srinagar (Jammu and Kashmir), India, representing
local selections and exotic varieties (Table 1, Fig. 1).
2.2. DNA extraction
Total DNA was collected from fresh young leaves (0.5 g) and
extracted according to a method described by Doyle and
Doyle (1990). The extract was further purified by RNase A
treatment and phenol: chloroform: isoamyl alcohol (25:24:1)
extractions, using standard methods (Sambrook et al., 1989).
The purified total DNA was quantified on 0.8% agarose gel
stained with ethidium bromide and the quality of the DNA
was verified spectrophotometrically on NanoDrop (Thermo).
DNA samples showing high purity (A260/A280 = 1.80
± 0.22) and high concentration (P500 lg g1) were further
used for SSR analysis.
2.3. SSR amplification
DNA from an individual plant of each walnut accession was
screened with 19 pairs of SSR primers (Table 2). Amplifica-
tions were performed in a volume of 20 lL containing 25–
50 ng genomic DNA, 1 PCR buffer (20 mM Tris-Cl pH
8.4, 50 mM KCl), 1.5 mMMgCl2, 0.2 mM dNTPs and 1.0 unit
of Taq DNA polymerase. For standardization of annealing
temperatures of SSR primers, gradient PCR was carried out
in a gradient thermal cycler. The following PCR conditions
were used: Initial denaturation at 94 C for 5 min was followed
by 35 cycles at 94 C for 1 min, 58–63 C for 1 min and 72 C
for 2 min. The final extension was carried out at 72 C for
7 min. Amplifications were performed in a gradient thermal
cycler (Make TAKARA, Japan). PCR reactions were repeated
two times to ensure the reproducibility of amplification pro-
files. The SSR amplified fragments were resolved in 3% meta-
phore agarose gel in a 0.5X TBE buffer. The gels were stained
with ethidium bromide (0.5 lg/ml) and visualized under UV
light.
2.4. Data analysis
For qualitative analysis the prominent DNA bands that were
amplified by a given primer were scored as present (1) or
absent (0) for all of the samples that were studied. These data
were utilized for cluster analysis. Also scoring was done with
respect to amplicon size for quantitative analysis through
STRUCTURE. In order to determine the utility of these
markers, number of amplicons per primers, percent polymor-
phism, Polymorphic Information Content (PIC), Resolving
Power (Rp) and Marker Index (MI) were calculated. Percentdiversity and genetic relationships among walnut (Juglans regia L.) genotypes
s (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.005
Table 1 Details of 96 walnut genotypes used in the study.
S. No. Accession No. Collection site Latitude Longitude Altitude
1 AMC-5 IC587092 Anantnag 3373 7516 5253 ft
2 GSS-18 IC587139 Ganderbal 3423 7478 5302 ft
3 UB-3 IC587210 Baramulla 3419 7436 5226 ft
4 LG-10 IC561052 Ganderbal 3423 7478 5312 ft
5 APS-13 IC587272 Anantnag 3373 7515 5253 ft
6 GKS-1 IC587142 Ganderbal 3423 7478 5312 ft
7 SHS-1 IC587175 Shopian 339 7499 5600 ft
8 SPB-2 IC587299 Budgam 3463 7604 10,479 ft
9 ZS-6 IC587370 Budgam 3463 7604 10,479 ft
10 PTS-1 IC587275 Pulwama 3388 7492 5350 ft
11 PTS-5 IC587279 Pulwama 3388 7492 5350 ft
12 SHS-11 IC587331 Shopian 339 7499 5600 ft
13 CITH W7 IC587309 Budgam 330 54 750 07 5463 ft
14 BWS-19 IC587311 Budgam 3463 7604 10,479 ft
15 HS-4 IC561062 Ganderbal 3423 7478 5312 ft
16 LG-4 IC587077 Ganderbal 3423 7478 5312 ft
17 CITH W25 IC587309 Budgam 3463 7604 10,479 ft
18 CITH W11 IC587310 Anantnag 3373 7516 5253 ft
19 CITH W24 IC587230 Budgam 3463 7604 10,479 ft
20 BB-1 IC587328 Budgam 3354 7507 5575 ft
21 CWS-9 IC587283 Budgam 3463 7604 10,479 ft
22 CITH W15 IC587077 Ganderbal 3423 7478 5312 ft
23 PTS-10 IC587286 Pulwama 3388 7492 5350 ft
24 CWS-7 IC587268 Budgam 3463 7604 10,479 ft
25 BB-2 IC587327 Budgam 3354 7507 5575 ft
26 GWS-6 IC587160 Ganderbal 3423 7478 5312 ft
27 BSS-4 IC587298 Budgam 3463 7604 10,479 ft
28 CITH W2 IC561049 Anantnag 3305 750 07 5414 ft
29 PBS-3 IC587085 Pulwama 3388 7492 5350 ft
30 SPS-1 IC587172 Shopian 339 750 07 5414
31 PTS-3 IC587277 Pulwama 3388 7492 5350 ft
32 PTS-2 IC587276 Pulwama 3388 7492 5350 ft
33 BB-3 IC587326 Budgam 3354 7507 6991 ft
34 PTS-21 IC587334 Pulwama 3388 7492 5350 ft
35 CITH W12 IC587228 Budgam 3463 7604 10,479 ft
36 CITH W13 IC587115 Budgam 3463 7604 10,479 ft
37 CITH W23 IC587091 Anantnag 3373 7515 5414 ft
38 GB-2 IC587072 Ganderbal 3305 750 07 5414 ft
39 CITH W16 IC587140 Budgam 3463 7604 10,479 ft
40 BRTS-4 IC587193 Baramulla 3419 7436 5226 ft
41 CITH W5 IC587086 Pulwama 3388 7492 5350 ft
42 CITH W3 IC587184 Baramulla 3463 7604 10,479 ft
43 CITH W14 IC587091 Anantnag 3373 7515 5253 ft
44 GLS-6 IC587154 Ganderbal 3423 7478 5312 ft
45 BRUS 10 IC587218 Baramulla 3419 7436 5226 ft
46 WGB-13 Passport data send to NBPGR,
New Delhi, for IC number allotment
Budgam 3463 7604 10,479 ft
47 CPB-4 Budgam 3463 7604 10,479 ft
48 NB-2 Budgam 3463 7604 10,479 ft
49 NDPB-1 Baramulla 3419 7436 5226 ft
50 PGB-1 Ganderbal 3423 7478 5302 ft
51 PB-3 Pulwama 3388 7492 5350 ft
52 PSB-2 Budgam 3463 7604 10,479 ft
53 DKT-2 Baramulla 3419 7436 5226 ft
54 KD-2 Baramulla 3419 7436 5226 ft
55 NB-3 Budgam 3463 7604 10,479 ft
56 AB-1 Baramulla 3419 743 5226 ft
57 KD-1 Baramulla 3419 7436 5226 ft
58 UKB-3 Baramulla 3419 7436 5226 ft
59 JKB-5 Budgam 3463 7604 10,479 ft
60 KB-1 Budgam 3463 7604 10,479 ft
61 GGS-1 Ganderbal 3423 7478 5312 ft
62 ZP-3 Pulwama 3388 7492 5350 ft
63 BSS-5 Budgam 3463 7604 10,479 ft
(continued on next page)
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Table 1 (continued)
S. No. Accession No. Collection site Latitude Longitude Altitude
64 KB-2 Baramulla 3419 7436 5226 ft
65 BPM-2 Budgam 3463 7604 10,479 ft
66 Shalimar-1 Srinagar 3244 7454 5200 ft
67 GPB-2 Ganderbal 3423 7478 5302 ft
68 GKB-4 Ganderbal 3423 7478 5302 ft
69 CGB-1 Budgam 3463 7604 10,479 ft
70 ZGB-1 Ganderbal 3423 7478 5302 ft
71 GKB-2 Ganderbal 3423 7478 5302 ft
72 Shalimar-6 Srinagar 3244 7454 5200 ft
73 NB-4 Budgam 3463 7604 10,479 ft
74 DKB-1 Budgam 3463 7604 10,479 ft
75 S-289 Budgam 3463 7604 10,479 ft
76 ZP-4 Pulwama 3388 7492 5350 ft
77 S-285 Budgam 3463 7604 10,479 ft
78 SKUA 0024 Srinagar 3244 7454 5200 ft
79 SKUA 0022 Ganderbal 3423 7478 5302 ft
80 SKUA 003 Ganderbal 3423 7478 5302 ft
81 SKUA 004 Passport data send to NBPGR,
New Delhi, for IC number allotment
Ganderbal 3423 7478 5302 ft
82 DB-2 Bandipora 3441 7465 5541 ft
83 SKUA 0023 Ganderbal 3423 7478 5302 ft
84 SKUA 0020 Ganderbal 3423 7478 5302 ft
85 HCB-1 Anantnag 3373 7516 5253 ft
86 RKB-1 Budgam 3463 7604 10,479 ft
87 GKB-1 Ganderbal 3423 7478 5302 ft
88 KBB-1 Budgam 3463 7604 10,479 ft
89 SKUA 002 Ganderbal 3423 7478 5302 ft
90 Sulaiman Ganderbal 3423 7478 5302 ft
91 Saloora-1 Ganderbal 3423 7478 5302 ft
92 Wussan 8 Ganderbal 3423 7478 5302 ft
93 NBB-3 Budgam 3463 7604 10,479 ft
94 VL-2 Ganderbal 3423 7478 5302 ft
95 Chenovo Exotic Collection
96 Nugget Exotic Collection
4 U. Noor Shah et al.polymorphism was calculated as percentage of polymorphic
loci from total loci obtained per primer. The Polymorphism
Information Content (PIC) values of individual primers were
calculated based on the formula PIC = 2  F (1  F)
(Anderson et al., 1993). Marker index, a product of informa-
tion content, as measured by PIC, and effective multiplex ratio
(E), was calculated following Powell et al. (1996) and Resolv-
ing Power (RP) of each primer combination was calculated
according to Prevost and Wilkinson (1999). The Jaccard’s sim-
ilarity index was calculated using NTSYS-pc version 2.02e
software (Rohlf, 1998) (Applied Bio-Statistics, Inc., Setauket,
NY, USA) package to compute pairwise Jaccard’s similarity
coefficients (Jaccard, 1908) and this similarity matrix was used
in cluster analysis using an Unweighted Pair-Group Method
with Arithmetic Averages (UPGMA) and Sequential, Agglom-
erative, Hierarchical and Nested (SAHN) clustering algorithm
to obtain a dendrogram. Model-based cluster analysis was per-
formed to infer genetic structure and to define the number of
clusters (gene pools) in the dataset using the software STRUC-
TURE version 2.2 (Pritchard et al., 2000). The number of pre-
sumed populations (K) was set from 1 to 13, and the analysis
was repeated 3 times. For each run, burn-in and iterations
were set to 100,000 and 200,000 respectively, and a model with-
out admixture and correlated allele frequencies was used. The
run with maximum likelihood was used to assign individualPlease cite this article in press as: Noor Shah, U. et al., Assessment of germplasm
through microsatellite markers. Journal of the Saudi Society of Agricultural Sciencegenotypes into groups. Within a group, genotypes with affilia-
tion probabilities (inferred ancestry)P70% were assigned to a
distinct group, and those with <70% were treated as ‘‘admix-
ture”. The expected heterozygosity (gene diversity) and popu-
lation differentiation (Fst) between individual in a sub-
population were also worked out using STRUCTURE
programme.
3. Results
3.1. SSR analysis
In the present study 19 SSR markers were used for character-
ization of germplasm diversity and genetic relationship
between 96 diverse walnut genotypes. SSR analysis of 19
markers produced 29 scorable fragments (200–1200 bp) out
of which 26 (89.6%) were polymorphic across 96 walnut culti-
vars (Table 3). The number of alleles observed at each SSR
locus ranged from 1 to 3 (WGA 202 and WGA276) with an
average of 1.52 alleles per locus and polymorphic loci also
range from 1 to 3 (WGA202 and WGA276) with an average
of 1.36 polymorphic loci per primer. Primer parameters were
calculated to identify most suitable primer for walnut genetic
diversity analysis. The respective values for overall genetic
variability for PIC, Rp and MI across all the 96 genotypesdiversity and genetic relationships among walnut (Juglans regia L.) genotypes
s (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.005
Figure 1 Map of Jammu and Kashmir showing different collection sites of the walnut genotypes used in this study.
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(WGA331 and WGA89) to 0.43 (WGA32) with an average
of 0.168. Similarly, highest (0.87) and lowest (0.0) MI values
were scored with the primers WGA32 and WGA331 and
WGA89 respectively with an average of 0.244. Resolving
Power (Rp) is an interesting tool to assess the capacity of a
given primer to distinguish among various genotypes. Primer
WGA42 exhibited the highest Rp value (2.37) and the lowest
value (1.04) was recorded for the primer WGA202.
3.2. Cluster analysis
The genetic relationship between the cultivars was clearly
depicted in the UPGMA dendrogram constructed from
DNA profile of 96 genotypes (Fig. 2). The Jaccard’s similarity
coefficient ranged from 0.38 to 1.00 with an average of 0.76
among all the 96 walnut cultivars used.Please cite this article in press as: Noor Shah, U. et al., Assessment of germplasm
through microsatellite markers. Journal of the Saudi Society of Agricultural ScienceClustering using UPMGA dendrogram analysis showed
that 96 walnut genotypes selected from different walnut grow-
ing regions of Kashmir are grouped into 12 distinct clusters
based on their geographic locations. Among twelve clusters,
two major clusters (Clusters I and II) were represented by 47
genotypes (48.9%). Cluster I consisting of 12 genotypes
(AMC5, GGS18, BPM2, WGB13, CITHW11, GKB2,
CITHW12, BWS19, PTS10, PTS3, CGB1 and NB4) with an
average similarity of 81% represented the selections from
Budgam (50%), Anantnag (16.6%), Ganderbal (16.6%) and
Pulwama (16.6%). Thus the majority of genotypes in Cluster
I are from district Budgam. Cluster I showed some degree of
sub-clustering with three sub-clusters showing average
similarities of 90%, 84% and 88%. Cluster II, the major clus-
ter comprising of 35 genotypes (LG10, GKB1, DKT2,
CITHW7, CHENOVO, LG4, SKUA24, SKUA20, KB1,
CWS9, GWS6, SHALIMAR6, S289, SKUA23, GPB2, DB2,diversity and genetic relationships among walnut (Juglans regia L.) genotypes
s (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.005
Table 2 Details and characteristics of 19 SSR primers used across 96 genotypes of walnut.
S.
No.
SSR
primer
Forward primer sequence (50–30) Melting
temperature
(C) of forward
primer
Reverse primer sequence (50–30) Melting
temperature
(C) of reverse
primer
Product
size
range
(bp)
1 WGA 42 GTGGGTTCGACCGTGAAC 63.2 C AACTTTGCACCACATCCACA 64 C 210–260
2 WGA 1 ATTGGAAGGGAAGGGAAATG 63.8 C CGCGCACATACGTAAATCAC 64 C 180–192
3 WGA 27 AACCCTACAACGCCTTGATG 63.8 C TGCTCAGGCTCCACTTCC 64.4 C 180–245
4 WGA 9 CATCAAAGCAAGCAATGGG 64.2 C CCATTGCTCTGTGATTGGG 64.2 C 231–245
5 WGA 118 TGTGCTCTGATCTGCCTCC 64.4 C GGGTGGGTGAAAAGTAGCAA 63.8 C 186–200
6 WGA 321 TCCAATCGAAACTCCAAAGG 63.8 C TGTCCAAAGACGATGATGGA 64.2 C 223–245
7 WGA 332 ACGTCGTTCTGCACTCCTCT 64.1 C GCCACAGGAACGAGTGCT 64.3 C 217–228
8 WGA 349 GTGGCGAAAGTTTATTTTTTGC 63.3 C ACAAATGCACAGCAGCAAAC 63.9 C 262–274
9 WGA 69 TTAGTTAGCAAACCCACCCG 64.2 C AGATGCACAGACCAACCCTC 63.6 C 160–182
10 WGA 71 ACCCGAGAGATTTCTGGGAT 63.7 C GGACCCAGCTCCTCTTCTCT 63.8 C 212–228
11 WGA 72 AAACCACCTAAAACCCTGCA 63.2 C ACCCATCCATGATCTTCCAA 64.1 C 138–146
12 WGA 79 CACTGTGGCACTGCTCATCT 64.3 C TTCGAGCTCTGGACCACC 64.3 C 196–208
13 WGA 76 AGGGCACTCCCTTATGAGGT 63.7 C CAGTCTCATTCCCTTTTTCC 60.1 C 242–306
14 WGA 202 CCCATCTACCGTTGCACTTT 63.8 C GCTGGTGGTTCTATCATGGG 64.3 C 259–295
15 WGA 225 AATCCCTCTCCTGGGCAG 64.3 C TGTTCCACTGACCACTTCCA 64.4 C 191–203
16 WGA 331 TCCCCCTGAAATCTTCTCCT 63.8 C CGGTGGTGTAAGGCAAATG 63.9 C 272–276
17 WGA 32 CTCGGTAAGCCACACCAATT 63.8 C ACGGGCAGTGTATGCATGTA 64 C 166–198
18 WGA 276 CTCACTTTCTCGGCTCTTCC 63 C GGTCTTATGTGGGCAGTCGT 63.9 C 168–194
19 WGA 89 ACCCATCTTTCACGTGTGTG 63.6 C TGCCTAATTAGCAATTTCCA 59.7 C 212–222
Table 3 Polymorphic profile of 19 SSR primers used across 96 genotypes of walnut.
S.No SSR primer TB PB PIC RP MI
1 WGA 42 2 1 0.15 2.38 0.30
2 WGA 1 2 2 0.07 1.90 0.14
3 WGA 27 1 1 0.23 1.73 0.23
4 WGA 9 1 1 0.22 1.75 0.22
5 WGA 118 1 1 0.15 1.81 0.17
6 WGA 321 1 1 0.04 1.96 0.04
7 WGA 332 1 1 0.41 1.96 0.04
8 WGA 349 2 2 0.06 1.96 0.12
9 WGA 69 2 2 0.23 2.31 0.46
10 WGA 71 1 1 0.02 1.98 0.02
11 WGA 72 1 1 0.15 1.83 0.15
12 WGA 79 2 2 0.05 2.02 0.10
13 WGA 76 1 1 0.14 1.85 0.14
14 WGA 202 3 3 0.26 1.04 0.78
15 WGA 225 1 1 0.30 1.63 0.30
16 WGA 331 1 0 0.00 2.00 0.00
17 WGA 32 2 2 0.44 2.35 0.88
18 WGA 276 3 3 0.27 1.83 0.55
19 WGA 89 1 0 0.00 2.00 0.00
6 U. Noor Shah et al.S285, SKUA22, SKUA3, SKUA4, BB1, PBS3, KBB1,
NUGGET, CITHW3, CITHW14, KB2, GLS6, CITHW23,
NBB3, CITHW16, SALOORA1, ZGB1, ZP4 and RKB1) with
an average similarity of 82%, represented the genotypes from
district Ganderbal (42.8%), Budgam (28.57%), Baramulla
(8.5%), Pulwama (5.7%), Anantnag (5.7%), Bandipora
(2.8%) and exotic collections (5.7%). Therefore the majority
of genotypes (71.3%) in this cluster are from district Gander-
bal and Budgam. This cluster is further sub-divided into three
subclusters with average similarity of 92%, 93% and 80% in
sub-clusters I, II and III respectively. Cluster III consists of
seven genotypes (CPB4, UKB3, PB3, CITHW15, PSB2,Please cite this article in press as: Noor Shah, U. et al., Assessment of germplasm
through microsatellite markers. Journal of the Saudi Society of Agricultural ScienceCITHW24 and BB2) with an average similarity of 81%. In this
cluster, majority of genotypes (57.14%) are from Budgam
district. Cluster IV is represented by three genotypes
(CITHW25, SHALIMAR1 and SKUA2) out of which two
are from Ganderbal and one is from Budgam district with
an average similarity of 85%. Cluster V consists of five geno-
types (JKB5, CITHW2, DKB1, HCB1 and SPS1) out of which
two genotypes are from Budgam and Anantnag district each
and one genotype from Shopian district with an average simi-
larity of 88%. Cluster VI consists of five genotypes (APS13,
BSS4, BRTS4, PGB1 and NB2) with an average similarity of
82%. In this cluster, two genotypes are from Budgam districtdiversity and genetic relationships among walnut (Juglans regia L.) genotypes
s (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.005
Coefficient
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Figure 2 UPGMA dendrogram showing grouping of 96 walnut cultivars into 12 clusters.
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Table 4 Assignment of sub-populations (K) to the individuals based on probability.
Genotype Code Pop-1 Pop-2 Pop-3 Pop-4 Pop-5 Assignment to sub-population
AMC5 1 0.019 0.932 0.007 0.009 0.033 2
GSS18 2 0.011 0.867 0.032 0.083 0.007 2
WGB13 3 0.123 0.371 0.22 0.242 0.044 Admixture of 1, 2 & 4
UB3 4 0.072 0.545 0.183 0.009 0.191 Admixture of 2 & 5
LG10 5 0.02 0.942 0.004 0.023 0.011 2
CPB4 6 0.023 0.891 0.06 0.005 0.021 2
APS13 7 0.082 0.015 0.348 0.418 0.138 Admixture of 3 & 4
NDPB1 8 0.299 0.044 0.228 0.176 0.252 Admixture of 1, 3 & 5
PGB1 9 0.051 0.032 0.238 0.553 0.126 Admixture of 3 & 4
NB2 10 0.046 0.004 0.151 0.752 0.047 4
PB3 11 0.243 0.025 0.355 0.149 0.228 Admixture of 1, 3 & 4
Chenovo 12 0.237 0.063 0.368 0.05 0.282 Admixture of 3 & 5
GKS1 13 0.133 0.058 0.359 0.228 0.224 Admixture of 3, 4 & 5
SHS1 14 0.135 0.018 0.355 0.112 0.381 Admixture of 3 & 5
PSB2 15 0.163 0.03 0.329 0.21 0.268 Admixture of 3, 4 & 5
SPB2 16 0.189 0.013 0.336 0.146 0.316 Admixture of 1, 3 & 5
ZS6 17 0.408 0.038 0.256 0.121 0.176 Admixture of 1 & 3
PTS1 18 0.441 0.009 0.149 0.235 0.164 Admixture of 1, 4 & 5
PTS5 19 0.196 0.01 0.262 0.231 0.301 Admixture of 1, 3 & 4
SHS11 20 0.072 0.007 0.321 0.075 0.524 Admixture of 3 & 5
CITH W7 21 0.107 0.038 0.382 0.081 0.392 Admixture of 3 & 5
BWS19 22 0.211 0.011 0.194 0.468 0.114 Admixture of 1 & 4
DKT2 23 0.198 0.066 0.194 0.064 0.478 Admixture of 1 & 5
KD2 24 0.274 0.033 0.236 0.131 0.326 Admixture of 1, 3 & 5
HS4 25 0.253 0.022 0.175 0.301 0.249 Admixture of 1, 4 & 5
LG4 26 0.434 0.021 0.151 0.193 0.2 Admixture of 1, 3 & 4
CITH W25 27 0.49 0.012 0.057 0.343 0.098 Admixture of 1 & 4
NB3 28 0.146 0.037 0.363 0.103 0.352 Admixture of 2 & 3
AB1 29 0.135 0.023 0.435 0.111 0.296 Admixture of 3 & 5
KD1 30 0.224 0.018 0.365 0.013 0.379 Admixture of 3 & 5
CITH W11 31 0.15 0.016 0.285 0.343 0.206 Admixture of 3, 4 & 5
CITH W24 32 0.296 0.013 0.256 0.158 0.277 Admixture of 1, 3 & 5
UKB3 33 0.32 0.049 0.067 0.408 0.156 Admixture of 1 & 4
JKB5 34 0.25 0.046 0.329 0.132 0.244 Admixture of 2, 3 & 5
KB1 35 0.302 0.02 0.173 0.266 0.239 Admixture of 1, 4 & 5
BB1 36 0.583 0.02 0.107 0.205 0.085 Admixture of 1 & 4
GGS1 37 0.237 0.036 0.369 0.2 0.158 Admixture of 2 & 3
CWS9 38 0.397 0.052 0.088 0.215 0.248 Admixture of 1 & 5
CITH W15 39 0.323 0.03 0.141 0.276 0.229 Admixture of 1, 4 & 5
ZP3 40 0.231 0.031 0.304 0.28 0.154 Admixture of 1, 3 & 4
BSS5 41 0.211 0.02 0.398 0.087 0.284 Admixture of 3 & 5
KB2 42 0.295 0.013 0.183 0.113 0.397 Admixture of 1 & 5
BPM2 43 0.009 0.925 0.017 0.022 0.027 2
Shalimar1 44 0.135 0.026 0.199 0.195 0.445 Admixture of 4 & 5
PTS10 45 0.061 0.017 0.241 0.525 0.157 Admixture of 3 & 4
GPB2 46 0.365 0.035 0.232 0.105 0.262 Admixture of 1, 3 & 5
CWS7 47 0.154 0.399 0.251 0.128 0.068 Admixture of 2, 3 & 4
GKB4 48 0.005 0.94 0.033 0.007 0.016 2
CGB1 49 0.154 0.026 0.193 0.477 0.15 Admixture of 3 & 4
BB2 50 0.058 0.008 0.316 0.011 0.607 Admixture of 3 & 5
ZGB1 51 0.414 0.03 0.131 0.33 0.095 Admixture of 1 & 4
GKB2 52 0.208 0.02 0.252 0.325 0.195 Admixture of 1, 3 & 4
GWS6 53 0.486 0.023 0.104 0.169 0.218 Admixture of 1 & 5
BSS4 54 0.047 0.034 0.017 0.77 0.132 4
Shalimar6 55 0.345 0.034 0.234 0.259 0.128 Admixture of 1, 3 & 4
CITH W2 56 0.312 0.066 0.246 0.281 0.094 Admixture of 1, 3 & 4
PBS3 57 0.361 0.015 0.146 0.322 0.155 Admixture of 1, 4 & 5
NB4 58 0.005 0.788 0.029 0.162 0.016 2
SPS1 59 0.008 0.895 0.04 0.031 0.025 2
DKB1 60 0.118 0.841 0.01 0.008 0.022 2
S289 61 0.043 0.902 0.02 0.014 0.021 2
ZP4 62 0.033 0.923 0.028 0.01 0.007 2
S285 63 0.011 0.934 0.022 0.018 0.015 2
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Table 4 (continued)
Genotype Code Pop-1 Pop-2 Pop-3 Pop-4 Pop-5 Assignment to sub-population
SKUA24 64 0.008 0.84 0.036 0.086 0.03 2
SKUA22 65 0.004 0.929 0.004 0.015 0.048 2
SKUA3 66 0.007 0.954 0.023 0.004 0.011 2
SKUA4 67 0.051 0.921 0.018 0.005 0.006 2
DB2 68 0.022 0.847 0.008 0.037 0.086 2
SKUA23 69 0.043 0.91 0.008 0.018 0.02 2
SKUA20 70 0.035 0.89 0.007 0.049 0.019 2
PTS3 71 0.01 0.723 0.093 0.134 0.04 2
HCB1 72 0.343 0.012 0.102 0.398 0.145 Admixture of 1 & 4
RKB1 73 0.414 0.025 0.081 0.315 0.166 Admixture of 1 & 4
PTS2 74 0.294 0.006 0.591 0.028 0.081 Admixture of 1 & 3
GKB1 75 0.01 0.971 0.009 0.006 0.005 2
BB3 76 0.177 0.031 0.412 0.031 0.349 Admixture of 3 & 5
KBB1 77 0.199 0.128 0.367 0.201 0.105 Admixture of 1, 3 & 4
PTS21 78 0.007 0.932 0.034 0.008 0.019 2
SKUA2 79 0.139 0.086 0.348 0.036 0.392 Admixture of 3 & 5
CITH W12 80 0.337 0.02 0.188 0.176 0.279 Admixture of 1, 3 & 5
CITH W13 81 0.072 0.004 0.186 0.598 0.139 Admixture of 3 & 4
CITH W23 82 0.123 0.025 0.228 0.562 0.063 Admixture of 3 & 4
GB2 83 0.224 0.04 0.38 0.095 0.26 Admixture of 1, 3 & 5
Suleiman 84 0.221 0.012 0.148 0.367 0.252 Admixture of 1, 4 & 5
Nugget 85 0.093 0.011 0.212 0.081 0.603 Admixture of 3 & 5
Saloora1 86 0.192 0.005 0.409 0.184 0.211 Admixture of 1, 3 & 5
CITH W16 87 0.303 0.022 0.203 0.235 0.237 Admixture of 1, 4 & 5
BRTS4 88 0.411 0.037 0.338 0.061 0.155 Admixture of 1 & 3
CITH W5 89 0.101 0.007 0.106 0.692 0.093 Admixture of 1 & 4
CITH W3 90 0.143 0.014 0.05 0.76 0.033 4
Wussan8 91 0.218 0.012 0.355 0.186 0.228 Admixture of 1, 3 & 5
NBB3 92 0.184 0.008 0.23 0.416 0.161 Admixture of 1, 3 & 4
VL2 93 0.171 0.02 0.241 0.206 0.361 Admixture of 3, 4 & 5
CITH W14 94 0.255 0.015 0.449 0.059 0.222 Admixture of 3 & 5
GLS6 95 0.314 0.018 0.229 0.212 0.226 Admixture of 1, 3 & 5
BRUS10 96 0.202 0.013 0.249 0.1 0.437 Admixture of 1, 3 & 5
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district. Cluster VII consists of six genotypes (NDPB1,
SPB2, PTS1, HS4, ZP3 and BRUS10) with an average
similarity of 82%. In this cluster, three genotypes are from
Baramulla, two from Pulwama and one from Budgam district.
Cluster VIII consists of six genotypes (UB3, BSS5, PTS2, ZS6,
KD2 and CWS7) from Budgam (03), Baramulla (02) and Pul-
wama (01) districts with an average similarity of 86%. Cluster
IX consists of seven genotypes (GKS1, SHS1, SHS11, NB3,
AB1, KD1 and PTS21) with an average similarity of 84%.
In this cluster, two genotypes are from district Shopian and
Baramulla each and one each from Ganderbal, Budgam and
Pulwama districts. Cluster X consists of two genotypes
(GGS1 and CITHW5) from Ganderbal and Pulwama district
with an average similarity of 65%. Cluster XI consists of
two genotypes (CITHW13 and SULAIMAN) from Budgam
and Ganderbal district with an average similarity of 74%.
Cluster XII consists of three genotypes (GB2, VL2 and
WUSSAN8) from district Ganderbal with an average similar-
ity of 94%.
The Principal Coordinate Analysis (PCO) showed that the
first three axes accounted for 82.43% (76.84%, 2.88% and
2.71% by 1st, 2nd and 3rd coordinate respectively) of total
variation. The grouping shown in dendrogram was at par with
that was shown in 2D (Fig. S1) and 3D scatter (Fig. S2).Please cite this article in press as: Noor Shah, U. et al., Assessment of germplasm
through microsatellite markers. Journal of the Saudi Society of Agricultural Science3.3. Model based clustering
Model-based cluster analysis grouped 96 walnut cultivars into
5 genetically distinct sub-populations {K05, having maximum
natural log probability 490.3 (0.0521 mean value of alpha),
which is proportional to the posterior probability}. In addition
to assignments of some individuals to a particular population,
some degree of admixtures was also observed (Table 4).
Among 96 individuals, 22 individuals belong to population-2
and three individuals belong to population-4 exclusively and
rest of 71 individuals belong to different populations with var-
ied proportion of admixtures viz 2 & 5; 3 & 4; 3 & 5; 1 & 3; 1 &
4; 1 & 5; 2 & 3; 1, 2 & 4; 1, 3 & 5; 1, 3 & 4; 3, 4 & 5; 1, 4 & 5.
The overall proportion of membership of populations was
18.4%, 23.9%, 19.7%, 19.6% and 18% for population-1,
population-2, population-3, population-4 and population-5
respectively. Allele frequency divergence among populations
computed using point estimates of P varies from 0.00 between
population 3 and 5 to 0.057 between population 2 and 4 with
an average of 0.024 between all the five populations. The
expected heterozygosity, which measures the probability that
two randomly chosen individual will be different (heterozy-
gous) at a given locus ranges from 0.043 in 2nd population
to 0.067 in fourth population with an average of 0.057
(Table 5). Similarly, population differentiation measurementsdiversity and genetic relationships among walnut (Juglans regia L.) genotypes
s (2016), http://dx.doi.org/10.1016/j.jssas.2016.07.005
Table 5 Heterozygosity and Fst values calculated for five
subpopulations of walnut.
Sub population (K) Expected heterozygosity Fst value
1 0.049 0.212
2 0.043 0.506
3 0.065 0.001
4 0.067 0.165
5 0.063 0.023
Average 0.057 0.181
10 U. Noor Shah et al.(Fst) range from 0.001 (in 3rd sub-population) to 0.506 (in 2nd
subpopulation) with an average of 0.181 (Table 5).
The structure analysis during the present study showed
genetic divergence/differentiation in the walnut genotypes
selected from different geographical areas (Fig. 3).
4. Discussion
Microsatellite markers are useful for genetic studies at varietal,
species and genus level, due to the high conservation of the
flanking regions (Hamza et al., 2004) and these markers have
been used for genetic diversity analysis in walnut (Karimi
et al., 2010; Ahmed et al., 2012). SSR markers have deciphered
high level of polymorphism (89.6%) in the present study which
is in accordance with earlier finding in walnut using the same
markers (Ahmed et al., 2012; Salieh et al., 2013). The average
polymorphic SSR loci per primer in walnut in other studies is
almost similar, Ahmed et al. (2012) used 13 SSR primers and
observed an average of 2 polymorphic loci per SSR primer.
Results on different primer parameters during the present
study are concurrent with earlier findings (Ahmed et al.,
2012; Mahmoodi et al., 2013; Najafi et al., 2014).
Previous studies on genetic diversity in walnut have shown
similar trend in values of Jaccard’s similarity co-efficientFigure 3 Assignment of walnut cultivars
Please cite this article in press as: Noor Shah, U. et al., Assessment of germplasm
through microsatellite markers. Journal of the Saudi Society of Agricultural Science(Salieh et al., 2013; Mahmoodi et al., 2013; Ahmed et al.,
2012). Thus above clustering indicated that most of the geno-
types are clustered based on their selection sites. This may be
due to their continuous multiplication at one site for many
years and all the selections from that site are more or less
similar in genetic constitution. Although the difference in
geographical locations is not more the use of germplasm for
further multiplication in the region is very much local. Devel-
opment of new varieties in the region is due to seedling origin
or bud sprouts. Walnut being heterogeneous leads to develop-
ment to new genotypes after sowing of seeds. Thus in the pre-
sent study 96 walnut genotypes selected from different walnut
grown areas are different varieties with different genetic consti-
tutions. Their utilization in crop improvement programmes
will depend on the association of traits with molecular analysis
through association mapping studies. Present study will help in
association mapping in walnut once economic traits will be
associated with molecular findings.
The results shown by Principal Coordinate Analysis (PCO)
confirm that SSR markers can be used to identify the level of
genetic variability in J. regia, in accordance with previous
studies (Dangl et al., 2005; Foroni et al., 2005, 2006; Wang
et al., 2008; Pollegioni et al., 2009; Gunn et al., 2010). All
the cultivars analyzed had a unique SSR fingerprint, which
confirms the high efficiency of these markers.
Higher values of expected heterozygosity (0.47–0.75 with an
average of 0.63) were observed by Mahmoodi et al. (2013) in
walnut due higher levels of polymorphism between the geno-
types they used. Ahmed et al. (2012) also observed higher
heterozygosity values (0.139–0.2715 with an average of
0.227) for 82 walnut genotypes due to the presence of higher
polymorphism in the population.
UPGMA clustering was obtained at similarity co-efficient
of 0.76 and Model based cluster analysis grouped 96 cultivars
into 5 distinct sub-populations based on k-value of 5 which
was estimated by Ln Probability of data. The admixtures
obtained in five distinguished populations are an indication
of sub grouping of genotypes as evident from UPGMA basedto populations using STRUCTURE.
diversity and genetic relationships among walnut (Juglans regia L.) genotypes
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types into five distinct population groups with high resolution
population structure under STRUCTURE analysis and 12
groups with moderate level of distinction under cluster
analysis.
The comparison of STRUCTURE results with UPGMA
and PCA results revealed that 17 genotypes of population 1
belong to cluster 2 in dendrogram and all genotypes of cluster
7 belong to population 1. Also 6 genotypes of population 2
belong to cluster 1 and 12 genotypes of population 2 belong
to cluster 2 in dendrogram. Similarly, 12 genotypes of popula-
tion 3 belong to cluster 2 and also all genotypes except one of
cluster 9 and all genotypes of cluster 12 belong to population 3.
Again, 12 genotypes of population 4 belong to cluster 2 and all
genotypes except one of cluster 6 and all genotypes of cluster
11 belong to population 4. Regarding population 5, 13 geno-
types of population 5 belong to cluster 2 and all genotypes
except one of cluster 7 and all genotypes of cluster 12 belong
to population 5. Therefore grouping of walnut genotypes
through STRUCTURE analysis is concordant with UPGMA
and PCA analysis. Thus, the results of model based
STRUCTURE analysis are in agreement with the UPGMA
and PCA based clustering.
The intermediate level of polymorphism during the present
study may be because most of the genotypes used in this study
are the selections from the natural walnut populations con-
fined in one geographic region within the Northwest Himala-
yan region of Jammu and Kashmir, India. The findings of
current study elucidate the efficiency of SSR primers in
discriminating walnut genotypes but the significance of this
classification is unknown and can only be deciphered through
further population and correlation studies. These studies will
be very much useful for future walnut breeding programmes
as well as germplasm management activities.
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